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LEMUnfolding by chemical denaturants and the linear extrapolation method are widely used to deter-
mine the free energy of proteins. Ribonuclease 3 from bullfrog shows an extraordinary behavior
in guanidinium hydrochloride in comparison to its homologues ribonuclease A and onconase with
a high transition midpoint of denaturation but an apparently low cooperativity. The analysis of the
interdependence of thermal, urea-, and guanidine hydrochloride-induced unfolding revealed that
whereas addition of urea resulted in the expected destabilization of all three proteins, guanidine
hydrochloride acted diversely: in contrast to ribonuclease A and onconase, both of which were
destabilized as expected, low concentrations of guanidine hydrochloride signiﬁcantly stabilize ribo-
nuclease 3 from bullfrog. This stabilizing effect was endorsed by in silico docking studies.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The difference in free energy of folding (DG) between the ther-
modynamic states of the native and unfolded protein is on average
just about 20–60 kJ mol1 [1] and the stability of proteins depends
strongly on the solvent conditions. The determination of DG is of
great importance for the understanding of the mechanisms that
contribute to the protein stability. The calculation from thermally
induced unfolding curves is expedient as the medium composition
is not changed. Thermal unfolding, however, often leads to irre-
versible protein aggregation. Moreover, DG depends non-linearly
on temperature complicating the calculation of DG beyond the
transition region [2]. Salts on the other hand inﬂuence protein sta-
bility either directly by binding to the native or the unfolded state
or indirectly by changing the properties of the solvent water [3–5].
Whereas indirect effects usually are additive and similar for differ-
ent proteins, direct effects—if they occur—are much more complex[6]. Guanidine hydrochloride (GdnHCl; or guanidinium chloride) is
a powerful denaturant, which often reversibly unfolds proteins,
and, thus, is used for the determination of DG. Assuming a simple
two-state model of unfolding and a linear dependence ofDG on the
denaturant concentration [1,7,8], DG(H2O), i.e., DG in the absence of
denaturant, is usually obtained by a linear extrapolation from the
transition region to zero molar denaturant (linear extrapolation
method, LEM; [1,9]). For more stable proteins, however, this
extrapolation is rather extended and, thus, error-prone. The desta-
bilizing effects by the combination of denaturants usually are addi-
tive and DG values at zero molar of the ﬁrst denaturant as well as
the transition midpoints usually show a linear dependence on the
second denaturant concentration [10,11]. Moreover, thermal sta-
bility of some proteins is so high that even at 100 C no complete
unfolding occurs. If thermal unfolding is carried out in the presence
of chemical denaturants, the temperature at the transition mid-
point (Tm) usually depends linearly on the denaturant concentra-
tion [12–14].
However, the guanidinium ion is not only a denaturant but it
can possibly bind speciﬁcally to proteins because of its ionic char-
acter. In fact, low concentrations of GdnHCl have been found to sta-
bilize various proteins such as ferrocytochrome c [15], the Fyn
tyrosine kinase SH3 domain [16], and ribonuclease (RNase) T1
[13]. Alternatively, GdnHCl can ‘induce variable thermodynamic
character in the native ensemble’ [6] or can act as a salt [17] where
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As a consequence, DG(H2O) values determined from GdnHCl- and
urea-induced transition curves differ so that LEM cannot be ap-
plied to determine DG(H2O) from GdnHCl-induced transition
curves. In contrast, for ribonuclease A (RNase A), one of the best
studied model proteins [18,19], DG(H2O) values determined from
GdnHCl- and urea-induced transition curves coincide [10]. More-
over, Tm values of RNase A decreased linearly with increasing con-
centration of urea or GdnHCl [13]. Numerous members of the
RNase A superfamily have been studied more or less extensively
with respect to their thermal and/or thermodynamic stability as
well [20–22] including onconase (ONC), an unusually stable RNase
A homologue from the Northern leopard frog Rana pipiens [23–26].
Recent studies on the RNase A homologue RNase 3 from bullfrog
Rana catesbeiana (RC-RNase 3) revealed an exceptional GdnHCl-
induced transition curve in comparison to both RNase A and
ONC. Whereas the transition midpoint was found to be exception-
ally high (6.1 M GdnHCl compared to 2.9 and 4.4 M for RNase A
and ONC, respectively) DG(H2O) calculated by means of LEM was
6 kJ mol1 smaller than that calculated for ONC [27]. In contrast
to the transition midpoints of GdnHCl-induced unfolding, Tm
values were in the order RNase A (63 C), RC-RNase 3 (78 C),
and ONC (91 C) [27].
To elucidate these discrepancies we studied thermal unfolding
of RNase A, RC-RNase 3, and ONC as a function of the concentration
of both GdnHCl and urea. As the Tm values of RC-RNase 3 were
found to increase in GdnHCl up to 0.75 M (by 1.7 C) we addition-
ally determined rate constants of unfolding (kU) of all three pro-
teins in the absence and presence of GdnHCl. Whereas both
RNase A and ONC unfolded faster in GdnHCl, kU of RC-RNase 3 de-
creased in the presence of 0.75 M GdnHCl. In contrast to both
RNase A and ONC, the native state of RC-RNase 3 is stabilized by
binding of GdnHCl as supported by docking studies with the guan-
idinium ion and urea.
2. Materials and methods
2.1. Materials
Growth media were from Difco Laboratories, Detroit, MI, USA,
and Escherichia coli strains XL-1 Blue and BL21(DE3) were from
Stratagene, Heidelberg, Germany, Rosetta(DE3) cells were from
Novagen, Darmstadt, Germany. RNase A from Sigma (St. Louis,
MO) was purifed to homogeneity on a MONO S FPLC column
(Pharmacia-Biotech, Uppsala, Sweden). S21P-RNase A, ONC and
RC-RNase 3 were prepared in house and puriﬁed as described
previously [25,27,28]. GdnHCl and urea were of ultra pure quality
from Sigma. All other chemicals were of the purest grade commer-
cially available.
2.2. Thermally induced transition
Values of Tm were determined by CD spectroscopy (CD spec-
trometer J-810, Jasco) at 289 nm for ONC and RC-RNase 3 using a
heating rate of 1 K min1 or 0.2 K min1, respectively. Measure-
ments were carried out in 100 mM sodium acetate buffer, pH 5.5,
containing 1 mg ml1 of protein. The signal y was ﬁtted as de-
scribed by Pace et al. [29] to obtain Tm. Experimental error usually
was <0.2 C.
2.3. GdnHCl- and urea-induced transition
Urea-induced transition curves of RC-RNase 3 and GdnHCl-
induced transition curves of RC-RNase 3 and ONC were obtained at
the respective temperature by CD spectroscopy (CD spectrometerJ-810, Jasco) at 289 nm for ONC and RC-RNase 3. Measurements
were carried out in 100 mM sodium acetate buffer, pH 5.5,
1 mg ml1 of protein and 0.0–7.82 M GdnHCl or 0.0–8.0 M urea
after equilibration for up to 3 d (for measurements at 25 C). To
calculate values of [D]50%, the concentration of denaturant at
which 50% of the protein is unfolded, the signals y were ﬁtted
by nonlinear regression according to Santoro and Bolen [9] as de-
scribed previously [25,30]. Experimental error usually was <0.2 M.
2.4. Determination of the rate constant kU of thermal unfolding
Values of kU for S21P-RNase A, RC-RNase 3, and ONC were
determined by proteolysis with thermolysin or proteinase K as de-
scribed previously [30–32] at the indicated temperature. In a typ-
ical experiment, 20 ll of thermolysin or proteinase K (0.2, 0.5, 1.0,
or 2.0 mg ml1 in 50 mM Tris–HCl buffer, pH 8.0, containing
10 mM CaCl2) were added to 160 ll of 50 mM Tris–HCl buffer
(pH 8.0 containing 0.0 M or 0.9375 M GdnHCl, respectively), which
had been pre-incubated in a thermostat (Lauda, Lauda-Königshofen,
Germany, accuracy ±0.1 C). The reaction was started by addition
of S21P-RNase A, RC-RNase 3, or ONC (20 ll of a 1.0 mg ml1
solution). After distinct time intervals, 20 ll were taken and mixed
rapidly with 7 ll of 50 mM EDTA for thermolysin or 7 ll of 50 mM
phenylmethylsulfonyl ﬂuoride (dissolved in isopropanol) for
proteinase K. Samples containing GdnHCl were dried to remove
the isopropanol, dissolved in 100 ll 50 mM Tris–HCl buffer, pH
8.0, and precipitated according to [33,34]. Evaluation of the inten-
sity of the protein bands after SDS–PAGE was carried out using the
program ADIA (Raytest GmbH, Straubenhardt, Germany). From the
decrease in the integrated band intensity of the intact protein,
which followed a ﬁrst-order reaction, the rate constant of proteol-
ysis kp was determined. kp as a function of the concentration of
protease showed a saturation behavior and the hyperbolic ﬁt
yielded the respective kU value [31,35,36]. The free energy of
activation ðDGzUÞ was calculated by means of the Eyring equation.
2.5. Docking studies for RC-RNase 3 and urea or the guanidinium
cation
The X-ray structure of RC-RNase 3 (PDB entry 1Z5F [37]), which
already contains all hydrogen atoms, and of ONC (PDB entry 1ONC)
[38] were used for docking studies with the guanidinium ion and
urea to predict preferred binding sites at the entire protein surface.
Furthermore, an Asp13Ala mutant of RC-RNase 3 was constructed
in silico and the dockings were performed for this mutant for com-
parison. For this purpose in all cases the Ca atom of I37, which is
located in the center of the protein, was used for the deﬁnition of
the binding site by applying a radius of 40 Å. The docking program
GOLD [39] with gold scoring function was used with standard set-
tings. For each ligand 100 docking poses were produced. Both best
scored docking arrangements of the two ligands including the side
chains of interacting amino acid residues were subsequently en-
ergy minimized allowing induced ﬁt (all other atoms were ﬁxed)
using MOE (Molecular Operating Environment, version 2012.10;
Chemical Computing Group Inc., Montreal, QC, Canada) and the
MMFF94 force ﬁeld [40] with born solvation [41].
3. Results
3.1. Thermally induced transition in the presence of GdnHCl
Thermal stability of RNase A, RC-RNase 3, and ONC was investi-
gated by CD measurements at pH 5.5 in the presence of GdnHCl
(Fig. 1). Thermal unfolding was always reversible and Tm values ob-
tained for RNase A proved to be identical at both 1 and 0.2 K min1
Fig. 1. Transition temperatures of RNase A, RC-RNase 3, and ONC as a function the concentration of GdnHCl (left) or urea (right): Transition midpoints (Tm at the respective
concentration of GdnHCl or urea and [GdnHCl]1/2 or [urea]1/2 at the respective temperature) for RNase A (d), RC-RNase 3 ( ), and ONC ( ) were determined as described in
Section 2. Circled data points were taken from [32] for RNase A, from [27] for RC-RNase 3, and from [25] for ONC. The inset in the left panel shows the Tm values of RC-RNase 3
at 0.0–2.0 M GdnHCl.
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were identical at 0.0 and 0.5 M GdnHCl only. They increasingly dif-
fered with increasing concentration of GdnHCl (data not shown;
values obtained at 0.2 K min1 were smaller, cf. [42]) indicating
insufﬁcient time of equilibration. Thus, the midpoint of transition
was determined by varying the concentration of GdnHCl at con-
stant temperature (25–50 C). From the range of overlapping tran-
sition midpoints, the lowest Tm value each (indicating the best
equilibration) is shown in Fig. 1. The same behavior was observed
with RC-RNase 3 so that the transition midpoints were determined
from thermal unfolding curves at constant concentration of
GdnHCl at 0.0–2.0 M but from GdnHCl-induced unfolding curves
at constant temperature (25–60 C). Whereas Tm values were
found to decrease linearly with increasing concentration of GdnHCl
for both RNase A and ONC, an increase of the Tm values was de-
tected for RC-RNase 3 at low concentrations of GdnHCl by up to
1.7 C at 0.75 M GdnHCl (Fig. 1, inset). At higher concentrations
of GdnHCl, Tm values of RC-RNase 3 decreased linearly as well.
3.2. Thermally induced transition in the presence of urea
Thermal stability of RNase A, RC-RNase 3, and ONC was investi-
gated by CD measurements at pH 5.5 in the presence of urea
(Fig. 1). As urea is known to be hydrolyzed in aqueous solutions
and the isocyanate that arises can modify amino groups of the pro-
tein, which might inﬂuence the stability of the protein molecule
[31,35,36] we analyzed protein samples after the thermal urea
treatment by MALDI-MS but found no increase in the molecular
weight of the proteins (not shown). Thermal unfolding was always
reversible and Tm values obtained for both RNase A and ONC
proved to be identical within the range of error at both 1 and
0.2 K min1 heating rates. For RC-RNase 3, Tm values obtained at
1 K min1 and 0.2 K min1 were identical within the range of error
at 0.0–4.0 M urea. As they, however, increasingly differed with
increasing concentration of urea (data not shown; values obtained
at 0.2 K min1 were smaller), midpoints of transition were deter-
mined by varying the concentration of urea at constant tempera-
ture (50–65 C). From the range of overlapping transition
midpoints, the lowest Tm value each (indicating the best equilibra-
tion) is shown in Fig. 1. The Tm values of all three proteins were
found to decrease linearly with increasing concentration of urea.
3.3. kU in the absence and presence of GdnHCl
The increase in thermal stability of RC-RNase 3 at low concen-
trations of GdnHCl can arise from a slower unfolding or a fasterfolding (or both). Limited proteolysis using thermolysin had pro-
ven to be an appropriate method to determine kU of RNase A, RC-
RNase 3, and ONC under thermally and urea-induced unfolding
[27,30,36]. The catalytic activity of thermolysin, however, is
strongly decreased in the presence of GdnHCl (data not shown)
as has also been elaborately reported for thermolysin-like prote-
ases [43]. In contrast, the activity of proteinase K was found to
be unaffected by GdnHCl up to 1 M [44] rendering this protease
appropriate to determine kU in the presence of GdnHCl. However,
RNase A is efﬁciently degraded by proteinase K even under native
conditions [44,45]. In contrast, the RNase A variant S21P-RNase A,
which is as stable as RNase A [28,45], is not degraded by proteinase
K under native conditions [45]. Thus, proteinase K was tested for
its applicability to determine kU of S21P-RNase A, RC-RNase 3,
and ONC in the absence of GdnHCl at a temperature, where kU
determined by thermolysin is about 103 s1 [27,28]. The observed
saturation behavior of the rate constant of proteolysis kp with
increasing protease concentration (data not shown) and the coinci-
dence with the kU values obtained using thermolysin proved the
applicability (Table 1). Next, we determined kU in the presence of
0.75 M at the same temperature as well (Table 1). Whereas for both
S21P-RNase A and ONC an increase in kU due to the presence of
GdnHCl was detected, kU of RC-RNase 3 clearly decreased. From
the differences in kU in the absence and presence of 0.75 M
GdnHCl, DDGzU values of 3.3 kJ mol1 (5.1 kJ mol1 if compared
to kU determined by proteolysis with thermolysin), 6.6 kJ mol1,
and +2.3 kJ mol1, respectively, were calculated (Table 1).
3.4. Docking studies for RC-RNase 3 and urea or the guanidinium
cation
The highest docking score for RC-RNase 3 indicates a rather
strong binding of the guanidinium cation with a gold-score of
35.98 in comparison to urea with only 20.27, which indicates a
much higher binding afﬁnity to the protein for the guanidinium
ion to the protein than urea. This interaction of the guanidinium
ion with the enzyme (Fig. 2) is characterized by the formation of
strong hydrogen bonds with the side chains of Gln7 and Asp13
as well as with backbone carbonyl oxygen atom of Ala39, which
may lead to a stabilization of the tertiary structure. From the for-
mation of the strong salt bridge between the guanidinium ion
and the side chain of Asp13 an interaction energy of
57.4 kJ mol1 was calculated whereas for urea an interaction en-
ergy of only 21.8 kJ mol1 was calculated, which is consistent
with the lower docking score value. When Asp13 is replaced in sil-
ico by alanine, the docking score of the most favored pose is almost
Table 1
Rate constants of thermal unfolding of (S21P-)RNase A, RC-RNase 3, and ONC in the absence and presence of 0.75 M GdnHCl.
kU (103 s1) determined with
thermolysin
kU (103 s1) determined with
proteinase K
kU (103 s1) determined with proteinase K in the presence
of 0.75 M GdnHCl
DDGzU
a
(kJ mol1)
RNase A at 50.0 C 0.90 ± 0.07 n.d. n.d. —
S21P-RNase A at
50.0 C
1.02 ± 0.09 1.95 ± 0.18 6.77 ± 0.70 3.3
RC-RNase 3 at
65.0 C
1.17 ± 0.17 1.56 ± 0.32 0.68 ± 0.09 2.3
ONC at 67.5 C 0.88 ± 0.14 0.59 ± 0.07 6.03 ± 2.01 6.6
a Calculated from kU determined with proteinase K in the absence and presence of 0.75 M GdnHCl.
Fig. 2. Interaction of the guanidinium cation (center, green carbon atom) with the side chains of Gln7, Asp13, and the backbone carbonyl group of Ala39 of RC-RNase 3 (left;
close-up, right): The interaction of the guanidinium cation and RC-RNase 3 (1Z5F) was calculated as described in Section 2. The structure was drawn with PyMol (The PyMOL
Molecular Graphics System, Schrödinger, LLC; http://pymol.org/).
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ergy, however, drops to 41.0 kJ mol1 underscoring the essential
role of the salt bridge between Asp13 and the guanidinium ion in
the wild-type enzyme, which results in the stabilization of the ter-
tiary structure. The interaction energies, however, do not consider
efforts for desolvation of the ligands from solution, which may re-
duce the absolute interaction energy.
In comparison to RC-RNase 3, docking studies of both ligands to
onconase revealed much lower scoring values, different docking
positions and lower interaction energies. Asp13 in RC-RNase 3 is re-
placed by Asn13 in ONC impeding the formation of an ionic interac-
tion (salt bridge) to the guanidinium cation. From the 100 docking
poses by far the most are located at the surface of the protein (the
most favored exhibits interactions with Glu91 (gold-score 26.5).
Only three poses are located close to Asn13 and Gln7 but with only
rather unspeciﬁc binding of the guanidinium cation to the back-
bone carbonyl groups of Gln7 and Lys8 (score 19.3, interaction en-
ergy 22.1 kJ mol1). These results clearly indicate a speciﬁc effect
of the guanidinium ion for RC-RNase 3 but not for onconase. For
RNase A, a crystal structure in the presence of GdnHCl is available
(PDB entry 1RBW) [46]. However, no speciﬁc binding of the guanid-
inium ion to the protein molecule was observed and only Glu9 was
found to be within hydrogen bond distance.
4. Discussion
The addition of chemical denaturants such as urea or GdnHCl
usually results in a (linear) decrease of DG with increasing concen-
tration of denaturant. However, besides a ‘tightening’ or ‘stiffening’
of the protein at subdenaturing concentrations of denaturant
[14,44,47] resulting in a decrease of the temperature factor [46],
GdnHCl potentially stabilizes proteins by binding to its native state[13,16]. Application of LEM to GdnHCl-induced unfolding thus can
result in an overestimation of DG for these proteins. Prove for the
applicability of LEM to GdnHCl-induced unfolding is provided by a
coincidence of the DG(H2O) values obtained from urea- and
GdnHCl-induced unfolding or the linear dependence of Tm on the
concentration of GdnHCl over the entire range [9,10,13].
GdnHCl-induced unfolding of RC-RNase 3 was found to be
exceptional in comparison to its homologues RNase A and ONC
with a high transition midpoint of 6.1 M but a decrease of mDG
by one third [27]. In accordance with earlier reports [10,12,13]
DG and Tm values of RNase A were found to decrease linearly with
increasing concentration of GdnHCl or urea. Likewise, Tm values of
ONC were found to decrease linearly with increasing concentration
of GdnHCl or urea. However, the time to reach equilibration in-
creased with increasing concentration of denaturant. Under mar-
ginally native conditions for ONC, kU is 4  102 s1 at 80 C,
0 M GdnHCl (calculated from data in [27]) but 4  106 s1 at
25 C, 3.4 M GdnHCl (calculated from data in [25]). In contrast to
RNase A and ONC, the observed linear decrease in Tm of RC-RNase
3 with increasing concentration of urea is not paralleled in GdnHCl.
At concentrations up to 0.75 M, addition of GdnHCl results in a sig-
niﬁcant increase in Tm by up to 1.7 C (Fig. 1; for comparison, Tm of
RNase T1 increased by ‘only’ 0.4 C in 0.1 M GdnHCl; [13]). At high-
er concentrations of GdnHCl the denaturing effect overwhelmed
the stabilizing effect. At 1.4 M GdnHCl, Tm of RC-RNase 3 equals
the value in the absence of GdnHCl and the Tm values were found
to decrease linearly at GdnHCl concentrations >2 M.
Comparison of kU in the absence and presence of 0.75 M GdnHCl
revealed the expected increase in kU for both (S21P-)RNase A
and ONC upon addition of GdnHCl (DDGzU = 3.3 kJ mol1 and
6.6 kJ mol1, respectively) but a clear decrease in kU for RC-RNase
3 (DDGzU = 2.3 kJ mol
1, Table 1) pointing to a stabilization of the
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proteins are basic proteins (net charge +4 for RNase A and +6 for
RC-RNase 3 and ONC at neutral pH) potential binding of the guan-
idinium ion to RC-RNase 3 appeared doubtfully. On the other hand,
the crystallization of RNase A in the presence of GdnHCl yielded a
structure with bound guanidinium ions [46] and RNase A was re-
ported to be thermally stabilized by low concentrations of cationic
gemini surfactants [48]. Moreover, this positively charged protein
was found to be adsorbed by positively charged spherical polyelec-
trolyte brush particles [49]. Despite of the positive charge of both
components, binding of the guanidinium ion to RC-RNase 3 is obvi-
ously feasible. In fact, in silico docking studies on RC-RNase 3 with
both urea and the guanidinium cation revealed a strong binding of
the guanidinium ion to RC-RNase 3. The interaction of the guanid-
inium ion with residues Gln7, Asp13, and Ala39, which results in a
tethering of the RC-RNase 3 molecule, might be responsible for the
observed stabilizing effect exerted by GdnHCl.
Thus, RC-RNase 3 is not intrinsically as stable towards GdnHCl-
induced unfolding as it appears from the unfolding curve but its
native state is stabilized by speciﬁc interaction with the guanidium
ion. Consequently, as often observed [6,17] but in contrast to
RNase A and ONC GdnHCl-induced unfolding curves of RC-RNase
3 do not yield the true DG(H2O) value.
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